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Strong correlations within the lowest Landau levels of semimetals in their ultra-quantum limit
give rise to collective phenomena and topologically non-trivial states. Using state-of-the-art pulsed
magnetic fields up to 60 T applied to a high-quality single crystal of graphite, we find a series
of field-induced transitions into collinear charge-density wave states. Our analysis establishes the
phase diagram of graphite in its ultra-quantum limit. The results imply the existence of a novel
topologically-protected chiral edge state at high fields, supporting both charge and spin currents.
Three-dimensional semimetals are of particular interest
as their low charge carrier density gives rise to a rich
variety of magnetic field driven collective and topologi-
cal quantum phases [1–5]. For most conventional met-
als the topologically non-trivial quantum Hall regime,
dominated by Landau level quantization, is far beyond
reach due to the extraordinarily high magnetic fields
required. However, in semimetals like bismuth and
graphite, the ultra-quantum limit can be realised in state-
of-the-art high-magnetic field laboratories. In the quan-
tum limit, interactions between the lowest Landau lev-
els are enhanced by nesting, leading to the possibility of
field-induced spin- and charge-density wave instabilities
(SDWs and CDWs, respectively) with ordering wave vec-
tor along the field direction. Similarly to one-dimensional
electron gases, which are unstable toward the formation
of SDWs [6], any three-dimensional electron gas in a suf-
ficiently strong magnetic field, or with large parallel sec-
tions of the Fermi surface, is prone to density wave in-
stabilities [1, 7, 8].
Graphite is a well known three-dimensional semimetal
with a large Fermi-surface anisotropy which can be
viewed as an infinite number of stacked graphene sheets
[9, 10]. The zero-field band structure of graphite is
well described by the tight-binding Slonczewski-Weiss-
McClure model [11–14]. The Fermi surface consists of
trigonally warped ellipsoidal electron and hole pockets lo-
cated along the H-K-H and H’-K’-H’ edges of the hexago-
nal Brillouin zone (see Fig. 1). In magnetic fields applied
perpendicular to the graphene layers, the E3-band, which
is slightly hybridised with the E1 and E2 bands in prox-
imity of the H points, gives rise to two one-dimensional
Landau levels (LLs) with LL-index n = −1 and n = 0.
Each LL is spin-split by the Zeeman energy and has a
residual twofold valley-degeneracy associated with the
two inequivalent H-K-H and H’-K’-H’ edges. For mag-
netic fields above 8 T these are the only LLs that cross the
Fermi energy. In this regime the system becomes effec-
tively quasi-one-dimensional, entering the so-called mag-
netic ultra-quantum limit. The field-induced dimensional
reduction strongly enhances electronic correlations, lead-
ing to Luttinger liquid [15] properties such as logarithmic
nesting singularities in the response functions and the
consequent tendency towards formation of density-wave
ordered phases.
The first magneto-transport measurements by Iye
et al. on Kish graphite showed a pronounced resis-
tance anomaly above 22 T [16]. Nakao [17], Yoshioka
and Fukuyama [18] attributed the observed resistance
anomaly to the formation of a CDW in the lower LLs
and developed a mean-field theory describing the mag-
netic field dependence of its critical temperature. Subse-
quent experiments by Iye and Yaguchi et al. [19–21] up
to higher fields identified a series of other possible transi-
tions, observing the collapse of the putative CDW-phase
at 52 T. More recently, Fauque´ et al. [22] showed the
evolution of a second density-wave anomaly above 53 T
by out-of-plane transport measurements on Kish graphite
up to 80 T. Despite improved LL calculations by Takada
and Goto [23], attempts to directly measure the density-
wave gap spectroscopically [24, 25], and the discovery of a
second density-wave anomaly above 53 T, the precise na-
ture of the magnetic field driven density-wave states has
remained unclear. Different scenarios for possible nest-
ings within the hole-like n = −1 and electron-like n = 0
LLs have been proposed, trying to explain the observed
resistance anomalies in terms of SDWs and CDWs, but
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Figure 1. Zero-field kz-dependence of graphite’s band-
structure along the H-K-H and H’-K’-H’ edges of the hexag-
onal Brillouin zone.
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Figure 2. a) Magnetic field dependence of the in-plane resistance of graphite for temperatures below 10 K measured in a 25 ms
60 T pulsed field magnet. b) Magnetic field derivatives of the in-plane resistance at temperatures below 10 K. The data in b)
has been offset proportional to the temperature by 0.5 Ω/TK for clarity. α and β denote the onset transitions of the CDWs
in the (0, ↑) and (−1, ↓), whereas α′ and β′ mark the field at which they vanish. At γ the CDW associated with the (0, ↑) LL
undergoes a lock-in transition.
none of them succeeded in finding a conclusive explana-
tion.
In this article we present decisive theoretical and ex-
perimental evidence that enables to identify the observed
resistance anomalies with the formation of CDWs in spe-
cific LLs. We discovered new features in the magneto-
transport which allows us to track the onset and subse-
quent disappearance of density-wave instabilities in two
distinct LLs. We show that the resistance anomaly below
54.2 T, contrary to previous reports, is a superposition
state of two incommensurate collinear CDWs with differ-
ent onset and vanishing fields. One of these undergoes a
lock-in transition at 47.1 T before both CDWs vanish due
to the emptying of their corresponding LLs at 52.3 and
54.2 T respectively. The observation of a third resistance
anomaly, together with our refined LL calculations, rules
out any transverse-SDW and excitonic-insulator scenar-
ios. In addition, we discuss the implications of our calcu-
lations on the upper CDW-phase [22] and the magneto-
transport properties in the ultra-quantum limit.
We performed electrical transport measurements on
a single crystal of Tanzanian natural graphite [26], the
quality of which significantly exceeds the commonly
used Kish graphite, highly-oriented-pyrolytic graphite,
or other natural graphites. Pulsed magnetic fields up
to 60 T were applied to bring the system into the ultra-
quantum limit [27, 28].
Figure 2 shows the in-plane resistance of the graphite
crystal for fields up to 60 T and temperatures below
10 K. The in-plane resistance first increases steeply, su-
perimposed by Shubnikov-de Haas oscillations. Above
15 T it saturates due to the so-called magnetic freeze-
out, i.e., charge carrier localization in high magnetic field
[1, 16, 29, 30]. In this field range the band-structure of
graphite becomes quasi-one-dimensional along the mag-
netic field direction and is thus susceptible to CDW and
SDW instabilities. At lowest temperatures a step is ob-
served in the in-plane resistance at around 30 T, followed
by a steep increase of the resistance, reaching its maxi-
mum value at 48 T before it drops down to below its ini-
tial value at around 53 T. This behavior has already been
reported for Kish and highly-oriented pyrolytic graphite
and has been attributed to the formation of a CDW state
[16, 19–22]. Similar features can also be identified in the
out-of plane transport [22, 28].
In order to reveal and precisely identify the transitions
in our sample, the magnetic field derivatives of the in-
plane magnetoresistance were calculated (see Fig. 2).
Here the transitions appear as maxima and minima. We
denote the observed maxima as α, β, and γ, in ascend-
ing order of their transition fields, and the corresponding
minima as α′ and β′. In addition to the well known α,
β, and α′, we find two more phase transitions named γ
and β′. The γ-transition around 47.1±0.1 T can only be
observed below 3 K and represents another steep resis-
tance increase, whereas the β′ transition develops below
6 K alongside the α′ transition. Both of these phase
transitions are essentially temperature independent. We
find that α, γ, α′, and β′, are sharp step-like transi-
tions, whereas β is a much less well-defined transition.
We thus define a more precise value for β as the extrap-
olated crossing field of the two linear resistive regimes
either side of the transition rather than using the deriva-
tive maxima. The temperature dependence of all these
transitions is shown in the phase diagram of Fig. 5.
Inspired by Takada and Goto’s calculations [23], we
decided to investigate more closely the magnetic field
dependence of the putative nesting vectors in all the
four LLs that are close to the Fermi level in the ultra-
quantum limit (see Fig. 3). Since in this regime the
system becomes effectively one-dimensional, electron cor-
relations play a significant role in renormalizing the bare
Slonczewski-Weiss-McClure LL structure. We therefore
calculate the renormalized LLs by including the electron
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Figure 3. a) Renormalized LL structure in the ultra-quantum limit: Above 8 T only the lowest four LLs cross the Fermi energy.
b) CDW nesting vectors up to 90 T. The nesting vectors of the hole-like (−1, σ) LLs are given by Q(h) = 2k(h)F = 2pi/c0 − 2kF
(see inset). The CDW nesting vectors decrease with increasing magnetic field due to the upward and downward shift of the
electron-like (0, σ) and hole-like (−1, σ) LLs, before vanishing in a first-order transition at Bα′ = 52.3 T, Bβ′ = 54.2 T, and
Bδ′ = 84 T. The nesting vector of the (0, ↑) LL becomes commensurate at around Bγ = 48 T.
self-energy in a fully self-consistent manner [28]. The ef-
fect of short-range correlations, neglected by the conven-
tional random-phase approximation (RPA), is included
via the so-called local-field correction [31, 32] to the ef-
fective electron-electron interaction.
At Bγ = 48 T our calculation predicts that the nest-
ing vector Q(0,↑) = 2k(0,↑)F of the (0, ↑) LL takes the
value of 2pi/4c0, corresponding to a commensurate wave-
length of 4c0, where c0/2 is the distance between adja-
cent graphene layers (see Fig. 3). This suggests that the
temperature-independent γ-transition, observed experi-
mentally at 47.1 T (see Fig. 2), is a lock-in transition of
the corresponding LL.
Increasing the magnetic field, at Bα′ = 52.3 ± 0.1 T
the bottom of the (0, ↑) electron-like level crosses the
Fermi energy (see Fig. 3). The abrupt depopulation
of the LL determines the sudden collapse of the as-
sociated CDW order, resulting in a first-order, almost
temperature-independent transition (see Fig. 4 and 5).
In our calculation we use the experimental value of Bα′
to fix the only free-parameter that appears in our the-
ory [28]. The first-order character of the transition, pre-
dicted by our theory, is experimentally confirmed by the
clear evidence of hysteresis, as shown in Fig. 4. On the
other hand, the nesting vector of the (−1, ↓) hole-like
level, Q(−1,↓) = 2pi/c0 − 2k(−1,↓)F , remains finite across
the α′ transition, so that the corresponding CDW ordered
state persists. In this magnetic field region only two hole-
and one electron-like LLs are present at the Fermi level.
These three levels must therefore adjust their Fermi-wave
vectors to guarantee the imposed charge balance, leading
to the splitting of the Fermi-wave vectors of the (0, ↓) and
(−1, ↑) bands (see Fig. 3). In our calculation the hole-
like nesting vector Q(−1,↓) vanishes also with a first-order
transition at Bβ′ = 54.2 T, in remarkable agreement with
the observed experimental value of 54.2 ± 0.1 T. As for
the previous transition, the CDW order is destroyed by
the sudden depopulation of the corresponding LL. Note
the larger discontinuity of the Q(−1,↓) vector, in com-
parison to Q(0,↑), resulting in the larger hysteresis loop
observed experimentally (see Fig. 4). The resistance hys-
teresis around α′ and β′ was already observed by Yaguchi
et al. [33]. However, due to a presumably lower sample
quality and higher field sweep rates in their experiment,
a distinction between the two first order transitions was
not possible.
The slight difference in the critical-field values of the
α′ and β′ transitions, emerging both from the experi-
mental observation and theoretical prediction, makes it
possible for the first time to attribute the experimentally
observed phases to Fermi-level nesting within the (0, ↑)
and (−1, ↓) bands (see Fig. 5). This finding, in conjunc-
tion with the observation of another density-wave insta-
bility above 54.2 T [22], rules out the possibility of a
transverse SDW order, which would couple the up-spin
and down-spin energy levels. In fact, if the first putative
SDW-state coupled the (0, ↑) and (−1, ↓) levels (with the
possibility of a second SDW-state coupling the remain-
ing two levels above 54.2 T), the first SDW phase would
disappear with a single first-order transition at the field
value corresponding to the α′-transition, in contrast with
the two distinct transitions (α′ and β′) observed around
53 T. If, instead, the SDW nesting vectors were cou-
pling the (0, ↑) and (0, ↓) levels on the one hand, and
the (−1, ↑) and (−1, ↓) levels on the other, then there
would be no possibility of another density-wave instabil-
ity to form above 54.2 T. The very existence of at least
three distinct density-wave instabilities thus leads to the
identification of such instabilities as CDW ordered states.
We also point out that the observation of a second CDW-
state below 54.2 T contradicts the LL structures proposed
by Fauque´ et al. [22].
For magnetic fields above β′ the populated LLs are
(0, ↓) and (−1, ↑). These LLs are still characterized by fi-
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Figure 4. a) Close-up of the nesting vectors in the vicinity of
the first-order transitions in the (0, ↑) and (−1, ↓) LLs around
52.3 and 54.2 T. b) Observed resistance hysteresis around the
first-order α′ and β′-transitions: The red curves show the
magnetic field up-sweeps whereas the blue curves correspond
to the down-sweeps.
nite nesting vectors until both levels become depopulated
of carriers at 84 T. The nesting vectors arising from these
bands are almost identical due to the imposed charge bal-
ance. Both nesting vectors could give rise to additional
lock-in transitions due to their commensuration with a
wavelength of 3c0 around 75 T. Above Bδ′ = 84 T we
predict that graphite becomes insulating, with a vanish-
ing carrier density in the bulk. The origin of quantita-
tive discrepancies in the observed upper critical fields of
Fauque´ et al. (Bδ′ = 75 T) [22] and our calculations
(Bδ′ = 84 T) is unresolved.
In summary we have identified the CDW instabilities
in the LLs responsible for the magnetic field driven re-
sistance anomalies in the in- and out-of-plane resistance
of graphite. We showed experimentally and theoretically
that the lower resistance anomaly in graphite is gener-
ated by two collinear CDWs in the (0, ↑) and (−1, ↓) LLs.
The observed γ, α′ and β′-transitions at 47.1, 52.3 and
54.2 T can be explained by a lock-in transition of the
(0, ↑) CDW and emptying of the (0, ↑) and (−1, ↓) LLs
respectively. At 47.1 T the nesting vector of the (0, ↑)
LL becomes commensurate with a wavelength of 4c0. At
52.3 T the nesting vector of the electron-like (0, ↑) level
vanishes with a first-order transition, followed by another
first-order transition at 54.2 T when the hole-like (−1, ↓)
level becomes depopulated. Above 54.2 T graphite devel-
ops a third CDW state in the remaining (0, ↓) and (−1, ↑)
LLs whose nesting vectors become commensurate with a
wavelength of 3c0 before both LLs get emptied with a
first-order transition.
In addition, we discuss the implications of this analysis
on our understanding of undoped graphite in the ultra-
quantum limit. Above the onset transition for the CDW
in the (0, ↓) and (−1, ↑), the bulk LLs are gapped and
graphite becomes in all respects a topological insulator,
namely a three-dimensional quantum Hall system with
filling factor ν = 1 [1, 34]. In this magnetic field regime
our results imply the appearance of chiral surface states,
supporting both spin and charge currents, which domi-
nate the low-temperature transport properties [35, 36].
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Figure 5. Phase diagram of the CDWs in the (0, ↑) and
(−1, ↓) LLs. Circles and squares are phase transitions with
a positive and negative differential magnetoresistance, re-
spectively, where black represents the α, blue the β, and
ocher the γ-transitions. At low fields the critical temper-
ature of α and β increases exponentially according to the
Yoshioka-Fukuyama theory [18] (black and blue dashed lines):
Tc(B) = T
∗ exp{−B∗/B}, with T ∗α = 230 K, B∗α = 148 T,
T ∗β = 300 K, B
∗
β = 195 T.
For fields above 84 T our LL structure predicts fully
gapped bulk states, with edge currents arising from the
upward shift, on approaching the sample edge, of the
hole-like (−1, ↓) and (−1, ↑) kz-LL dispersions. Besides
charge currents, spin currents arise due to the energy
splitting of the spin-up and spin-down hole-like levels,
with the consequent different penetration length of the
corresponding edge states.
The chiral nature of these edge states leads to ballistic
transport perpendicular to the magnetic field, whereas
the transport along the magnetic field is governed by
interlayer hopping and remains diffusive [35, 37]. In
this regime we therefore expect that any changes to the
bulk LL-structure are only observable in the out-of-plane
transport and are absent in the in-plane transport, ac-
counting for the absence of the CDW-signature in the
in-plane resistance (Fig. 2) above 54.2 T.
On the other hand, below 54.2 T we expect transport
to be governed both by bulk and surface states, and the
situation is more complex, involving hybridization of bulk
and surface states, as well as a strong dependence on im-
purity scattering. At lower magnetic fields, for example,
the absence of the α-signature in the out-of-plane resis-
tance [37] still remains unclear.
Direct exploration of these novel chiral edge states in
the ultra-quantum limit would be of great interest, as well
as studies of the influence of stacking defects, twist, and
modifications to the c-axis dispersion by intercalation.
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